1 provide unique dual characteristics of ultrasoft colloids and structured polymers, 2,3 making them candidates for a variety of biomedical applications ranging from drug delivery to MRI imaging and gene therapy. 4, 5 The pH dependence of size and structure of dendrimers is a critical issue for utilization as drug delivery vehicles in physiological environments (pH ) 5 to 7.4). Previous small angle neutron scattering (SANS) experiments on a generation 8 (G8) polyamidoamine (PAMAM) 6 showed a 2% increase of the radius of gyration (R g ) from pH 10.1 to 4.7. This insensitivity of size to the variation of pH was confirmed in the recent SANS experiment on a G4 PAMAM 7 concluding that the R g is essentially independent of pH (i.e., size change <4%). In contrast, all previous atomistic [8] [9] [10] [11] [12] [13] and coarse-grained 14-16 simulations show a significant increase (12-180%) of R g for PAMAM dendrimers as pH decreases from ∼10 to ∼4.
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1 provide unique dual characteristics of ultrasoft colloids and structured polymers, 2,3 making them candidates for a variety of biomedical applications ranging from drug delivery to MRI imaging and gene therapy. 4, 5 The pH dependence of size and structure of dendrimers is a critical issue for utilization as drug delivery vehicles in physiological environments (pH ) 5 to 7.4). Previous small angle neutron scattering (SANS) experiments on a generation 8 (G8) polyamidoamine (PAMAM) 6 showed a 2% increase of the radius of gyration (R g ) from pH 10.1 to 4.7. This insensitivity of size to the variation of pH was confirmed in the recent SANS experiment on a G4 PAMAM 7 concluding that the R g is essentially independent of pH (i.e., size change <4%). In contrast, all previous atomistic [8] [9] [10] [11] [12] [13] and coarse-grained [14] [15] [16] simulations show a significant increase (12-180%) of R g for PAMAM dendrimers as pH decreases from ∼10 to ∼4.
To resolve this tremendous discrepancy between theory and experiment, we carried out atomistic molecular dynamics (MD) simulations of dendrimers with explicit solvent and counterions using a force field 17 whose intermolecular parameters were optimized using quantum mechanics (QM) [Figures S1-S3 in Supporting Information (SI)]. We calculate that the R g of the G4-NH 2 PAMAM changes from 21.07 Å at high pH to 22.11 Å at low pH, in excellent agreement with the SANS experiment, 7 21.41 and 21.49 Å, respectively. Despite the similarity in size, there are dramatic changes in the conformations: The high pH form has a "dense core" (with a maximum density at the dendrimer core and uniform void spacings), whereas ion pairing at low pH leads to a "dense shell" (with maximum density at the dendrimer periphery but nonuniform void spacings).
The G4-NH 2 PAMAM consists of an ethylenediamine (NH 2 CH 2 CH 2 NH 2 ) core, 62 tertiary amine groups, and 124 amide groups in the lower generations and terminated with 64 primary amine groups in the fourth generation. Consistent with the acid-base titration experiments, 18 we model the G4 PAMAM dendrimer at three protonation levels: high pH (>10) with the PAMAM fully deprotonated (uncharged dendrimer), neutral pH (∼7) with all primary amines protonated, and low pH (<5) with all primary and tertiary amines protonated. These dendrimers were solvated with explicit water molecules (∼42 000) and Cl -counterions in a cubic box (∼110 Å along each dimension). All systems were minimized and then heated to 300 K over 10 ps, followed by MD simulations at 300 K and 1 atm for 1.5 to 2 ns and MD simulations at 300 K with a fixed volume for 1 ns ( Figures S4-S5 ).
For comparison with SANS experiments, R g is written as
where w i is the weighting factor for atom i, W is a normalization factor, r i is the position of atom i, and R is the center for the weighting factors. We use as w i either the neutron scattering length to calculate R g-coh to compare to SANS experiments or the mass to obtain the mass weighted R g-mass (see Table 1 ). Figure 1 shows that the G4 PAMAM dendrimer structures have reached equilibrium with mean values of R g-coh ) 21.07 Å (high pH), 21.43 Å (neutral pH), and 22.11 Å (low pH). Averaging over all three pH values leads to a mean R g-coh ) 21.54 Å and R g-mass ) 21.33 Å for the G4 PAMAM dendrimer in excellent quantitative agreement with the SANS experimental mean R g-coh ) 21.49 Å 7 . The calculated total swelling is 4.9% as pH decreases from high to low, which compares well with the experimental swelling of <4%.
The most complete previous MD simulations 11 for the G4 PAMAM dendrimer found R g-mass ) 16.78 Å (high pH), 17.01 Å (neutral pH), and 19.01 Å (low pH) for a swelling of 12% in distinct disagreement with the SANS experiments. The major difference with our current calculations is that we fitted the intermolecular energy terms in the new force field to QM, finding that the previous Cl ---+ HN(CH 3 ) 3 interaction was ∼17% too weak and 16% too long (see Figures S1 and S2) .
More important than the R g for the applications is the distribution of surface area and chemical characteristics inside the dendrimer and the internal volume. Thus, we calculated the solvent accessible surface area (SASA) and solvent excluded volume (SEV) using various probe radii. Plotting (SASA) 1/2 and (SEV) 1/3 as functions of probe radius ( Figures S6-S10) shows that, for a probe radius of p > 7 Å, (SASA) 1/2 and (SEV) 1/3 are proportional to probe radius, indicating that only the exterior surface of the dendrimer is sampled and suggesting that molecules with a radius > 7 Å would not fit inside the dendrimer. The deviation in SASA and SEV at smaller probe radii ( Figures S6 and S7 ) measures the internal cavities within the dendrimer. At p ) 1.4 Å (H 2 O), the SASA analysis indicates an internal surface area (A int ) of 3778.6 Å 2 or 1600.9 m 2 /g and a void volume (V int ) of 36776.9 Å 3 or 1.56 × 10 -6 m 3 /g at neutral pH (Table 1 ). The A int decreases by 63.5% from high to low pH, while the V int decreases by 21.0% despite an increase of R g-coh by 4.9%. This further illustrates the dramatic change in internal configurations with pH. The variations in SASA can be used to derive an effective outer radius, e.g., R SASA ) 28.34 Å at neutral pH (see Table 1 and Figure S6 ), which can be considered the effective macromolecule size that would be found in size exclusion chromatography (SEC). The ratio R SASA /R g-mass ) 1.33 can be compared to R outer /R g ) 1.29 for a uniform sphere. Considering just the primary amine N atoms leads to R gN ) 23.84 Å (neutral pH), which is 84.1% of the R SASA , suggesting backfolding of the terminal groups.
The radial density distribution profile ( Figure 2) shows that the maximum density of the dendrimer shifts from 10 Å at high pH to 18 Å at neutral or low pH. This mass migration to the periphery of the dendrimers is driven by strong intramolecular hydrogen bonding within the dendrimer-water-counterion systems, which leads to dense packing in the outer shell at low pH as shown in Figure 2 . One might expect this pH-induced outward mass redistribution within the dendrimer to increase its moment of inertia and R g . However, the shrinking of the outer diameter of the dendrimer at low pH, indicated by the decreasing R SASA , would tend to decrease R g . Thus, the independence of the R g upon variation of pH arises from a competition between geometrical shrinking and outward mass redistribution. This pH-induced conformational change from a "dense core" (high pH) to a "dense shell" (low pH) suggests how PAMAM dendrimers might be used as drug delivery vehicles where encapsulation and release of guest molecules (e.g., drugs) can be controlled using pH as the trigger. a A probe radius of 1.4 Å was used as the vdW radius of a water molecule to calculate the SASA and SEV.
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b Percentage change using high pH data as baseline. 
